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Partial injury to the spinaJ cord can propagate itself, sometimes 
leading to paralysis attributable to degeneration of initially un- 
damaged neurons. We demonstrated recently that autoimmune T 
cells directed against the CNS antigen myelin basic protein 
(MBP) reduce degeneration after optic nerve crush injury in rats. 
Here we show that not only transfer of T cells but also active 
immunization with MBP promotes recovery from spinal cord 
injury. Anesthetized adult Lewis rats subjected to spinal cord 
contusion at T7 or T9, using the New York University impactor, 
were injected system ically with anti-MBP T cells at the time of 
contusion or 1 week later. Another group of rats was immunized, 
1 week before contusion, with MBP emulsified in incomplete 
Freund's adjuvant (IFA). Functional recovery was assessed in a 
randomized, double- blinded manner, using the open-field behav- 
ioral test of Basso, Beattie, and Bresnahan. The functional out- 
come of contusion at T7 differed from that at T9 (2.9 ± 0.4, n - 
25, compared with 8.3 ± 0.4, n = 12;p < 0.003). In both cases, 
a single T cell treatment resulted in significantly better recovery 
than that observed in control rats treated with T cells directed 



Injury to the mammalian CNS often results in an irreversible 
functional deficit (Kalb, 1995; Schwab and Bartholdi, 1996) for 
several reasons, including lack of neurogenesis (formation of new 
cell bodies), the poor ability of injured axons to regrow, and a 
destructive series of injury-induced events that result in the lateral 
and longitudinal spread of damage to neurons that escaped the 
direct injury (Faden, 1993; Povlishock and Jenkins, 1995; Yoles 
and Schwartz, 1998). This spread of damage is termed secondary 
degeneration. 

Attempts to promote CNS recovery have focused on two goals: 
(1) the stimulation of regeneration (Caroni and Schwab, 1988; 
Reter et al. t 1992; Cheng et al., 1996; Davies et al., 1997; Li et aL, 
1997; Miya et al., 1997; Rapalino et al., 1998; Wang et al., 1998; 
Chong et aL, 1999; Neumann and Woolf, 1999), and (2) neuropro- 
tection, or the arrest of secondary degeneration (Behrmann et aL, 
1994; Constantini and Young, 1994; Sanner et aL, 1994; Basso et 
al., 1996; Gruner et aL, 1996; Beattie et aL, 1997; Crowe et aL, 1997; 
Bethea et aL, 1998; Yong et al., 1998; Bavetta et aL, 1999; Moalem 
et aL, 1999; Schwartz et al., 1999). Attempts have also been made 
to improve the functional outcome of surviving neurons (Blight, 
1989). 

Spinal cord lesions, regardless of the severity of the injury, 
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against the nonself antigen ovalbumin. Delayed treatment with T 
cells (1 week after contusion) resulted in significantly better re- 
covery (7.0 ± 1 ; n = 6) than that observed in control rats treated 
with PBS (2.0 ± 0.8; n = 6; p < 0.01; nonparametric ANOVA). 
Rats immunized with MBP obtained a recovery score of 6.1 ± 0.8 
(n = 6) compared with a score of 3.0 ± 0.8 (n = 5; p < 0.05) in 
control rats injected with PBS in IFA. Morphometric analysis, immu- 
nohistochemical staining, and diffusion anisotropy magnetic reso- 
nance imaging showed that the behavioral outcome was correlated 
with tissue preservation. The results suggest that T cell-mediated 
immune activity, achieved by either adoptive transfer or active 
immunization, enhances recovery from spinaJ cord injury by confer- 
ring effective neuroprotection. The autoimmune T cells, once reac- 
tivated at the lesion site through recognition of their specific antigen, 
are a potential source of various protective factors whose produc- 
tion is locally regulated. 

Key words: CNS; beneficial autoimmunity; myelin basic pro- 
tein; neurofilaments; spinal cord injury; secondary degeneration; 
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initially result in complete functional paralysis (Basso et al,, 1995, 
1996; Young, 1996). Some spontaneous recovery may be observed, 
starting a few days after the injury and tapering off within 3-4 
weeks; the less severe the insult, the better the functional outcome 
(Young, 1996). The extent of recovery, in the absence of regener- 
ation or any intervention leading to neuroprotection, is a function 
of the amount of tissue that escaped the initial injury minus the 
neuronal loss attributable to secondary degeneration. It follows 
that recovery would be improved by neuroprotective treatment that 
could contribute to the rescue of initially undamaged or marginally 
damaged fibers from secondary degeneration. 

Studies during the past decade have demonstrated some plastic- 
ity of the injured spinal cord and have shown that the use of 
compounds capable of mitigating the toxic effects of biochemical 
mediators of secondary degeneration offers a promising new ap- 
proach to neuroprotective therapy. Glutamate receptor antago- 
nists, for example, can reduce the tissue damage resulting from an 
injury-induced increase in glutamate, an excitatory amino acid that 
normally acts as a physiological transmitter but is toxic at high 
concentrations (Panter et al., 1990). Another example islhe use of 
neurotrophic compounds, which provide neuroprotection by pre- 
venting nerve atrophy (Blesch and Tuszynski, 1997; Bregman et al., 
1998; Houweling et al., 1998; Franzen et al., 1999; Houle and Ye, 
1999; Rabchevsky et aL, 1999). 

The present study of spina! cord neuroprotection in the rat was 
prompted by our recent finding that partial injury to the rat optic 
nerve can be mitigated by administering T cells specific to a CNS 
self-antigen, myelin basic protein (MBP) (Moalem et al., 1999), 
and by our preliminary observation that these autoimmune T cells 
also promote behavioral recovery after severe contusion of the 
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adult rat spinal cord (Hauben et al., 2000). We have shown previ- 
ously that the neuroprotective effect of the autoimmune T cells is 
mediated, at least in part, by neurotrophic factors, the secretion of 
which is antigen-dependent (G. Moalem, A. Gdalyahu, Y. Shani, 
U. Otten, P. Lazarovici, I. R. Cohen, and M. Schwartz, unpub- 
lished observations). Thus, systemic injection of activated autoim- 
mune T cells appears to be a feasible cell therapy that offers some 
advantages. First, these T cells can cross the blood-brain barrier 
(Hickey et al., 1991) and specifically accumulate at the site of a 
CNS lesion (Hirschberg et al., 1998). Second, the T cells are 
capable of continuously releasing various factors at the lesion site 
as a result of their reactivation at the lesion site upon encountering 
their antigen. The timing and dynamics of such release might be in 
accordance with the needs of the tissue. Here we examined neu- 
roprotective efficacy as a function of the severity of spinal cord 
injury and the time lapse after the injury. We also examined 
whether adoptive transfer of T cells for therapeutic purposes can be 
replaced by active immunization. The behavioral outcome in the 
treated rats was examined in relation to the results of morpholog- 
ical and imaging analyses. 

MATERIALS AND METHODS 

Animals. Inbred female adult Lewis rats (10-12 weeks old, 200-250 gm) 
were supplied by the Animal Breeding Center of the Weizmann Institute 
of Science. The rats were housed in a light- and temperature-controlled 
room and matched for age in each experiment 

Antigens. MBP was prepared from the spinal cords of guinea pigs 
(Moalem et al., 1999) or purchased from Sigma (St. Louis, MO). Ovalbu- 
min (OVA) was purchased from Sigma. 

Spinal cord contusion. Rats were anesthetized, and the spinal cord was 
exposed by laminectomy at the level of T7 or T9. One hour after induction 
of anesthesia, a 10 gm rod was dropped onto the laminectomized cord from 
a height of 50 mm, using the New York University impactor (Basso et al., 
1996; Young, 1996). Sham-operated female Lewis rats were laminecto- 
mized but not contused. 

Passive or active immunization. Within 1 hr of contusion or 1 week later, 
the rats were injected intraperitoneal^, on a random basis, with 10 T cells 
(specific to either MBP or the foreign antigen OVA) or PBS. In another 
experiment, rats had been actively immunized (subcutaneously), 1 week 
before contusion, with MBP or PBS emulsified in incomplete Freund's 
adjuvant (I FA). Sham-operated (laminectomized but not contused) rats in 
each experiment received 10 7 anti-MBP T cells or immunization with 
MBP in I FA. These rats were examined daily for the severity of the disease 
that they developed and scored on a scale of 1 to 5 (Ben Nun and Cohen, 
l9S2a,b). 

In the contused rats, bladder expression was performed manually at least 
twice a day (particularly during the first 48 hr after injury, when it was done 
up to three times a day), untilthe end of the second week, by which time 
automatic voidance had been recovered. The rats were carefully monitored 
for evidence of urinary tract infection or any other sign of systemic disease. 
During the first week after contusion and in any case of hematuria after 
this period, they received a course of sulfamethoxazole (400 mg/ml) and 
trimethoprim (8 mg/ml) (Resprim; Teva Pharmaceutical Industries, 
Petach Tikva, Israel), administered per os with a tuberculin syringe (0.3 ml 
of solution per day). Daily inspections included examination of the lami- 
nectomy site for evidence of infection and assessment of the hind limbs for 
signs of autophagia or pressure. 

Assessment of recovery from spinal cord contusion. Behavioral recovery 
was scored on a scale of 0 (complete paralysis) to 21 (complete mobility) 
(Behrmann et al., 1994; Basso et al., 1995, 1996) by observers blinded to the 
treatment received by each rat. Approximately twice a week, the locomo- 
tor activities of the trunk, tail, and hind limbs were evaluated in an open 
field by placing each rat for 4 min in the center of a circular enclosure made 
of molded plastic with a smooth, nonsiip floor (90 cm diameter, 7 cm wall 
height). Before each evaluation, we carefully examined the rats for peri- 
neal infection, wounds in the hind limbs, or tail and foot autophagia. 

Tcell lines. T cell lines were generated from draining lymph node cells 
obtained from Lewis rats immunized with the above* antigens, as described 
previously (Ben Nun and Cohen, 19S2a,b). Propagation and restimulation 
of the cells were performed as was previously described previously by us 
(Moalem et al., 1999). 

Retrograde labeling of rubrospinal neurons. Two or three months after 
spinal contusion followed immediately by immunization with anti-MBP T 
cells or treatment with PBS, three rats from each group were reanesthe- 
tized, and the dye rhodamine dextran amine (Fluoro-ruby; Molecular 
Probes, Eugene, ORWBrandt and Apkarian, 1992) was applied below the 
site of contusion at T12. The number of dye-stained cells counted in the 
red nuclei of the brain was taken to represent the number of intact axons 
descending from the red nucleus and traversing the area of contusion 
(Strominger et al., 1987). After 5 d, the rats were again deeply anesthe- 
tized, and their brains were excised, processed, and cryosectioned. All 
sections (40 u-m each) taken through the entire red nucleus of each brain 
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were analyzed qualitatively and quantitatively by fluorescence and confo- 
cal microscopy. The total numbers of labeled cells were counted in each 
section and in all sections from each brain. Thus, the number of labeled 
cells recorded for each brain is the sum of all the cells counted in each 
section. The number of labeled neurons in each rat is given by the average 
number of cells counted in its two red nuclei. In the statistical analysis, we 
used a corrective factor to allow for the thickness of the sections and the 
size of a single nucleus so as to correct for possible recounting of the same 
cell (Smolen et al., 1983; Sanner et al., 1994). 

Immunohistochemistry. Each rat was perfused intracardially with 100 ml 
(on average) of cold PBS, followed by 200 ml of paraformaldehyde (4% 
prepared in 0.1 M phosphate buffer with glucose 5%). Spinal cords were 
removed, post-fixed overnight, briefly rinsed in PBS, and transferred to 
30% sucrose for cryoprotection for at least 3 d. All procedures were 
performed at 4"C. A 30 mm section of the spinal cord, with the injury site 
at the center, was excised, embedded in Tissue-Tec (Miles, Elkhart, IN), 
and placed in liquid nitrogen. Frozen longitudinal 20 jxm sections were 
obtained with a cryostat, collected onto gelatin-coated slides, and dried at 
room temperature. Sections were fixed in absolute ethanol for 10 min at 
room temperature, washed twice in double-distilled water, and incubated 
for 3 min with 0.5% Tween 20 (Sigma) in PBS to increase the permeability 
of the tissue. Antibodies against rat glial fibrillary acid protein (GFAPJ 
(diluted 1:100; NeoMarkers, Fremont, CA) or against neurofilaments (NF) 
(v/v mixture of 68 and 200 kDa NFs, diluted 1:50; Novocastra Laborato- 
ries, Newcastle upon Tyne, UK) were applied to sections for 1 hr at room 
temperature in a humidified chamber. Sections were rinsed three times 
with Tris-buffered saline (0.05% Tween 20 in PBS) and then incubated 
with fluorescein-conjugated secondary antibodies (AIexa-488 or Alexa- 
546, diluted 1:200; Molecular Probes, Eugene, OR) for 1 hr at room 
temperature. They were then washed well and treated for 8 min with a 
solution of 0,3% Sudan black B (Merck, Darmstadt, Germany) in 70% 
ethanol to reduce or eliminate the autofluorescence. If overstained, the 
sections were dipped in clean 70% ethanol until staining was satisfactory. 
They were then mounted with anti-fading oil and coversnps and examined 
by confocal laser scanning fluorescence microscopy. The results were 
analyzed by an observer who was blinded to the identity of the rats. 

Dijfusion-anisotropy magnetic resonance imaging. Diffusion anisotropy of 
spinal cords from anti-MBP T cell-treated rats and PBS-treated controls 
was measured in a Bruker DMX 400 wide-bore spectrometer, using a 
microscopy probe with a 5 mm Helmholz coil and actively shielded mag- 
netic field gradients. The observer was blinded to the treatment received by 
the rats. Multislice echo imaging was performed with nine axial slices, with 
the central slice positioned at the center of the spinal injury. Images were 
obtained with an echo time of 31 msec, a repetition time of 2000 msec, a 
diffusion time of 15 msec, a diffusion gradient duration of 3 msec, a field 
of view of 0.6 mm, matrix size of 128 x 128 pixels, slice thickness of 0.5 
mm, and slice separation of 1.18 mm. Left to right images represent axial 
sections from head to foot. Four diffusion gradient values (0, 28, 49, and 71 
gra/cm) were applied along the read direction (transverse diffusion) or 
along the slice direction (longitudinal diffusion). Using an exponential fit 
for each pixel, we obtained a transverse and a longitudinal apparent 
diffusion coefficient map, from which an anisotropy ratio matrix was 
derived. The accumulated anisotropy in each slice was integrated (Nevo et 
al., 2000). For each rat, the lowest value of the slice anisotropy integral was 
defined as the lesion site. 



RESULTS 

Passive immunization promotes recovery from spinal 
cord contusion 

Using the Basso, Beattie, and Bresnahan (BBB) open-field loco- 
motor test, we first assessed the behavioral outcome of a contusion 
injury caused by dropping of a uniform weight from the same height 
onto the laminectomized spinal cord at two levels, T7 and T9. The 
functional deficit, examined in randomly selected rats by an ob- 
server blinded to the treatment they had received, was significantly 
greater after contusion at the level of T7 (BBB scofe of 2,9 ± 0.8; 
n = 25) than at T9 (BBB score of 8.4 ± 0.6; n = 12; p < 0.003; 
ANOVA) (Fig. 1). 

Our preliminary results (Hauben et al., 2000) suggested that 
systemic injection, immediately after contusion at T7, of autoim- 
mune T cells specific to MBP promotes recovery of locomotor 
activity in rats. No effect was observed in rats that were similarly 
injected with T cells specific to the nonself antigen OVA (Hauben 
et al., 2000). Here we examined whether this beneficial T cell effect 
could also be demonstrated after the less severe contusion at T9 
and in the most severe case of complete axotomy. 

Anesthetized rats were subjected to contusion at the level of T9. 
Six rats were then injected intraperitoneal^ with autoimmune T 
cells specific to MBP (Ben Nun et al., 1981; Mor and Cohen, 1992) 
(anti-MBP T cell-treated group), whereas six others (controls) 
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Figure 2. Spontaneous recovery from spinal cord contusion at T7 and T9. 
Rats were subjected to spinal cord contusion under deep anesthesia and 
immediately injected systemically with PBS. Recovery was assessed by the 
BBB open-field test at the indicated time points by observers blinded to the 
treatment received by the rats. Results are expressed as the mean values for 
each group (error bars indicate SEM). The differences, tested by repeated 
ANOVA, were significant (T7, n = 25; T9, n = 12; p < 0.003). 

received PBS without T cells. Three age-matched, sham-operated 
rats were injected with autoimmune T cells specific to MBP. 
Behavioral recovery was assessed using the BBB test. During the 
first few days, none of the rats with contused spinal cords showed 
any locomotor activity (Fig. 2A). Interestingly, however, the rats 
treated with the anti-MBP T cells showed signs of recovery earlier 
than any of the PBS-treated controls. On day 11, when no recovery 
could be detected in the controls, significant improvement was 
noted in the anti-MBP T cell-treated group. At all time points 
thereafter, the latter group showed significantly greater locomotor 
recovery than the controls (Fig. 2A). It should be emphasized that 
any earlier positive effect that the anti-MBP T cells might have had 
on the injured spinal cord would have been masked by the transient 



paralytic effect of these encephalitic T cells (Fig. 2B). Thus, the 
autoimmune T cells, despite being encephalitic, promoted recovery 
that was detectable as soon as the disease resolved itself. 

By 1 month after injury, the rats in both the PBS-treated and the 
T cell-treated groups had reached a maximal behavioral score, 
which then remained at a plateau for at least 5 months of follow-up. 
In PBS-treated control rats, the maximal locomotor recovery was 
marked by some ineffectual movements of all hindlimb joints, and 
most of these rats could not support their weight. Their average ± 
SEM locomotor score was 7.3 ± 0.8. In contrast, the average score 
of similarly contused rats (T9) treated with anti-MBP T cells was 
10.2 ± 0.8. These rats could support their body weight, and some 
could walk in a coordinated manner. The difference between the 
two groups (T9 contusion with and without T cells), based on 
two-factor repeated ANOVA, was significant (p < 0.05). No re- 
covery after treatment with anti-MBP T cells was detected in rats 
with completely transected spinal cords (Fig. 2C). These findings 
suggest that the effect of the anti-MBP T cells is primarily neuro- 
protective, i.e., nerve fibers that escaped the primary injury are 
protected from secondary degeneration. After complete transec- 
tion in which no fibers were spared, the T cell treatment had no 
effect. Thus, within the time frame of the experiments described 
here, the beneficial effect of the anti-MBP T cells could be attrib- 
uted to neuroprotection of neurons that apparently escaped the 
primary lesion. 

In all cases, the activity of the autoimmune T cells was verified by 
injecting three or four sham-operated rats with the anti-MBP T 
cells and examining the rats daily (Fig. 2B,Z>). In all of these rats, 
the anti-MBP T cells induced experimental autoimmune enceph- 
alomyelitis (EAE) (Lassrnann et al,, 1988; Mor and Cohen, 1992; 
O'Garra et al., 1997), a mild paralytic syndrome that developed 
by day 4, reached a peak on day 7, and resolved spontaneously by 
day 11. 

The results of contusion and treatment in some of the rats were 
analyzed morphologically, 3 months after treatment, by retrograde 
labeling of the red nuclei and subsequent counting of the labeled 
rubrospinal neurons (see Materials and Methods). The total num- 
ber of labeled red nuclei in the anti-MBP T cell-treated rats was 
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Figure 2 Anti-MBP T cells enhance recovery of vol- 
untary motor activity after spinal cord contusion. 
A, Twelve rats were deeply anesthetized, laminecto- 
mized, and subjected to spinal cord contusion (T9). Six 
of the rats were then inoculated in traperi tone ally with 
10 7 anti-MBP T cells in PBS (black circles), and the rest 
were injected with PBS (black squares). At the indicated 
times, locomotor behavior in an open field was scored. 
The results are expressed as the mean values for each 
group (error bars indicate SEM). The differences, 
tested by repeated ANOVA, were significant (p < 
0.05). C, In another group of rats, the spinal cords were 
completely transected and the rats were divided into 
subgroups receiving either 10 7 anti-MBP T cells or 
PBS. No significant differences in locomotor behavior 
were seen between the two subgroups at any time 
during follow-up. B, D, Course of EAE development in 
sham-operated rats treated with anti-MBP T cells. 
Lewis rats were subjected to sham operation (lami- 
nectomy but not contusion) and immediately injected 
with anti-MBP T cells. EAE was evaluated according 
to a neurological paralysis scale. Values represent 
means ± SEM. 
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/Wc J. Retrograde labeling of cell bodies in the red nucleus. Three months after spinal contusion, at the level of T9 ' 

immunisation with anti-MBP T cells or injection of PBS, three rats from each group were reanestheuzed, and the dye rhodanune dextran amine 
Fluoro-^ Sections taken through the ref nucWere inspected and ^^^^^^^^^^ 

bVfluorescence and confocal microscopy. Significantly more labeled red nuclei were seen in the rats treated with anu-MBP T cells than in the PBS- reated 
£J ;Tp™ r.SSS; Smdtn ? s r teTwith correction for thickness and size of neurons). The bar graph shows the averse of the total n^tesof labeled red 
nucleTper bndn. The behavioral scores of the three rats were 10.5, 12, and 12.75 in the experimental group and 6, 8, and 8.5 in the control group. The 
bar graph shows the mean ± SD values. 

fivefold higher than in the PBS-treated rats (/? = 0.046; Student's 
/ test). Representative photomicrographs of red nuclei taken from 
an anti-MBP T cell-treated rat and from a PBS-treated rat are 
shown in Figure 3. These findings indicate that the observed 
functional recovery is correlated with the morphological integrity 
of some descending tracts. 

Delay d administration of autoimmune T cells promotes 
recovery from spinal cord injury 

The results described above suggested that the therapeutic effect of 
the T cells is not restricted to contusive injuries of a particular 
severity, as long as the spinal cord is not completely cut. T cells 
were effective in rats with contusion at T7 (Hauben et al., 2000) and 
at T9 (present study) (Fig. 2A). To determine the therapeutic time 
window, we compared the outcome of T7 contusion injury in rats 
treated with anti-MBP T cells immediately after the contusion with 
that in rats treated 1 week later and in rats injected with PBS 
without T cells. The mean maximal locomotor score of the rats 
treated with anti-MBP T cells 1 week after contusion (BBB score of 
7 ± 1) was significantly higher than that of the PBS-treated controls 
(2 i 0.8; p < 0.01 based on two-factor repeated ANOVA). Rats 
that had received immediate treatment with a single injection of 
anti-MBP T cells obtained an average BBB score of 7.7 ± 1.4 
compared with 1.9 ± 0.8 in the PBS-treated group. Interestingly, 
however, although recovery onset was delayed in the rats immu- 
nized 1 week after injury relative to the immediately treated rats, 
the extent of recovery after the delayed treatment did not differ 
significantly from that observed after immediate treatment (Fig. 4). 
Maximal recovery was similar in both cases, suggesting that the 
degeneration of fibers that escape contusion does not become 
irreversible until at least 1 week after the injury; alternatively or in 
addition, the treatment with anti-MBP T cells might lead to some 
axonal sprouting (Beattie et al., 1997). The delay in recovery of 
motor activity might be merely a reflection of the transient paral- 
ysis (Fig. 4B) impose'd by the injected cells, which had the simul- 
taneous effect of neuroprotection and EAE induction. Thus, the 
EAE may have masked the ability to detect the neuroprotective 
effect until the rat had-recovered from the disease. 

Active immunization with MBP promotes recovery from 
spinal cord injury 

The results described above suggested that systemic administration 
of anti-MBP T cells is effective even if delayed for at least 1 week 
after contusion. Active immunization with MBP emulsified in 
either I FA or complete Freund's adjuvant (CFA) is known to lead 
to a T cell-mediated autoimmune response within 1 week. Unlike 
immunization with CFA, which is accompanied by direct induction 
of EAE (Ben Nun and Cohen, 1982a,b), immunization with MBP 
in IFA does not lead to EAE in the immunized rat but does induce 



a cellular response to MBP that may lead to EAE induction after 
passive transfer of T cells from the immunized rat to naive rats 
(Namikawa et al., 1982; Novikova et al., 2000). Because the con- 
ferment of neuroprotection by autoimmune T cells does not nec- 
essarily require that the T cells be encephalitogenic (Moalem et al., 
1999), IFA was the adjuvant of choice for the present experiments 
on immunization. 

Naive rats were immunized with MBP emulsified in IFA. This 
was done 1 week before contusion injury, on the assumption that by 
the time of the injury, when the protective T cells would be needed, 
there would already be an adequate number of systemic anti-MBP 
T cells, without the risk of excessive encephalitogenicity that would 
mask or interfere with the neuroprotective effect, as shown in 
Figure 2, B and D. Accordingly, 1 week before contusive injury at 
T7, six rats were immunized with MBP in IFA and six were 
injected with PBS in IFA. Three uninjured rats, immunized with 
MBP in IFA, showed no signs of EAE. Starting from 3 weeks after 
the injury, significantly better recovery was observed in the MBP- 
immunized rats (mean BBB score of 6.1 ± 0.8 compared with 3 ± 
0.8 in the PBS-injected rats; p < 0.05) (Fig. 5). Active immuniza- 
tion is known to evoke both a cellular and a humoral response. Our 
experiments with the passive transfer of T cells suggest that this 
beneficial effect of the active immunization is T cell-mediated. 

Some of the rats that showed recovery after active immunization 
(Fig. 5) were further analyzed by retrograde labeling of their red 
nuclei (see Materials and Methods). In the recovered MBP/IFA- 
immunized rats (with BBB scores of 9 or 7), the total number of 
labeled cells was fourfold higher than in the PBS/IFA-immunized 
controls (with BBB scores of 3 and 1.5) (Fig. 6A). In each examined 
rat from all of the experiments described above, the number of 
labeled rubrospinal neurons was found to be correlated with its 
BBB locomotor score (Fig. 6B). 

Spinal cord preservation by passive immunization 
confirmed by diffusion-anisotropy magnetic resonance 
imaging N 

Three months after contusion injury at T9, images of axial slices 
taken from the spinal cords of anti-MBP T cell-treated rats showed 
areas of diffusion anisotropy along the entire length of the cord, 
and all cords manifested a continuous longitudinal structure (Fig. 
7). In contrast, slices taken from the PBS-treated controls showed 
a loss of organized structure at the center of the lesion site, and the 
area of diffusion anisotropy in most of the analyzed slices was 
relatively small (Fig. 7). The behavioral outcome correlated well 
with the magnetic resonance imaging results: the higher the behav- 
ioral score, the larger the area of diffusion anisotropy found at the 
site of the lesion. Even small differences in the locomotor score (for 
example, 10 in experimental rats and eight in controls) (Fig. 7) were 
accompanied by noticeable differences in diffusion anisotropy. 
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Figure 4. Spinal cord recovery after delayed administration of anti-MBP T 
ceils. One week after contusion at the level of T7, rats (n = 15) were 
randomly divided into two groups for injection with either PBS (n = 8) or 
10 7 anti-MBP T cells (n = 7). A, The graph shows the mean ± SEM 
locomotor activity scores at the indicated periods after T7 contusion. 
Plateau values reached by the anti-MBP T cell-treated rats were signifi- 
cantly higher than those reached by the controls (p < 0.001; ANOVA). For 
comparison, a similar experiment using five PBS-treated rats and six rats 
treated immediately with anti-MBP T cells is also shown here. There was 
no difference between the immediate and the delayed T cell treatment in 
terms of the maximal plateau values. Another group of rats with contusion 
at T7 received anti-OVA T cells. No effect was observed relative to PBS- 
treated rats. B, The course of EAE development in sham-operated rats 
treated with anti-MBP T cells. Lewis rats were subjected to sham operation 
(laminectomy but not contusion) and immediately injected with anti-MBP 
T cells. EAE was evaluated according to a neurological paralysis scale. 
Values represent means ± SEM. 

Immunohistochemical evidence for spinal 
cord preservation 

To further substantiate our suggestion that the observed recovery 
of the autoimmune T cell-treated spinal cords was attributable to 
tissue preservation, 5 months after injury and treatment we exam- 
ined three cords' from the anti-MBP T "dell-treated group and three 
from the PBS-treated control group (all taken from the set of 
T7-contused rats) by phase microscopy, as well as by immunohis- 
tochemistry using antibodies directed against NFs and GFAP. 
Confocal microscopy of the PBS-treated spinal cords showed an 
enlarged site of injury, loss of neural tissue, and large cyst-like 
structures. In contrast, the neural tissue taken from the anti-MBP 
T cell-treated group, although partly damaged, showed a high 
degree of preservation, and if any cysts were present, they were 
very small (Fig. 8). Staining for GFAP, used to delineate the site of 
the injury (Blaugrund et al., 1992), showed a wide gap at the lesion 
site in control cords (Fig. 9A), whereas in the cords from the 
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Figure 5. Promotion of spinal cord recovery by active immunization 
with MBP. Six rats were immunized subcutaneously with MBP in IFA, 
and six were injected with PBS in IFA. One week later, the rats were 
deeply anesthetized, laminectomized, and subjected to spinal cord con- 
tusion atT7. At the indicated times, locomotor behavior in an open field 
was scored. The results are expressed as the mean values for each group 
(error bars indicate SEM). The differences, tested by repeated ANOVA, 
were significant (p < 0.05). 
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Figure 6. Correlation between BBB locomotor score and the number of 
retrogradely labeled red nuclei. Rats were actively immunized with MBP, 
and this was followed 1 week later by contusion. Two months after injury, a 
dye was applied below the primary contusion site. Five days later, the rats 
were killed, and their brains were excised and analyzed. A, Bar graphs show 
the number of labeled rubrospinal neurons in contused rats immunized with 
MBP in IFA or injected with PBS in IFA. B, Correlation between BBB 
locomotor score and the number of retrogradely labeled rubrospinal neurons. 
The eraph shows the number of labeled neurons and the BBB score for each 
rat. The data for at) of the examined rats are included. 
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Figure 7. Maps showing diffusion anisotropy of the contused spinal cords. Rats were deeply anesthetized, and their excised spinal cords were immediately 
fixed and placed in 5 mm nuclear magnetic resonance tubes. The figure shows representative maps of spinal cords of anti-MBP T cell-treated rats and 
control rats, after contusion at T8-T9. Colors correspond to anisotropy ratios. The maps show the preservation of longitudinally ordered tissue at the lesion 
sites of the anti-MBP T cell-treated rats. Note that, in the controls, the site of injury is much larger than in rats from the anti-MBP T cell-treated group. 




Figure 8. Phase microscopy and histo- 
chemical staining of contused spinal 
cords. Rats were subjected to spinal cord 
contusion (T7) and were treated immedi- 
ately with anti-MBP T cells or with PBS. 
After 5 months, the spinal cords from 
three PBS-treated controls and three anti- 
MBP T cell-treated rats were excised and 
processed for confocal microscopy. Repre- 
sentative micrographs from each group 
are shown. Note the large gap and the 
cysts in the neural tissues of a PBS-treated 
rat (a) compared with an anti-MBP 
T cell-treated rat (b). For comparison, a 
phase micrograph of a sham-operated 
spinal cord is included (c). 



anti-MBP T cell-treated group, the gap was only approximately the 
size of the dropped weight and was narrower than the full width of 
the nerve (Fig. 9B). In correlation with the above findings, staining 
for NFs in the PBS-treated control cords showed continuity of only 
a few nerve fibers and a large gap between disrupted fibers at the 
site of the lesion. (Fig. 9C). In the anti-MBP T cell-tffated cords, 
however, there was a sizable number of well organized nerve fibers 
across the lesion site, pointing to the rescue of viable tissue rather 
than the formation of newly growing and newly organized neural 
tissue (Fig. 9D). These findings appear to confirm that treatment 
with the anti-MBP T cells promoted rescue and protection of 
partially damaged spinal cord, thereby reducing the lateral and 
longitudinal spread of damage. Cross-sections taken from the cen- 
ter of the site of injury in recovered anti-MBP T celt-treated rats 
and stained with luxol or with hematoxylin and eosin (H&E) 
showed well organized neural tissue containing myelinated axons 
(Fig. WB.DyFJ). Corresponding sections from contused spinal 



cords of PBS-treated controls showed a profusion of cells and a 
lack of organized tissue (Fig. 1QA, C,E,G). Interestingly, neuronal 
cell bodies can be seen in the sections from anti-MBP T cell-treated 
rats but hardly at all in the sections from PBS-treated controls. 

DISCUSSION 

In the last few years, it has become apparent that, although damage 
to the spinal cord may be partial, the functional loss is often far 
worse than can be accounted for by the severity of the initial insult. 
Both the insult and the self-propagating process of secondary 
degeneration play a decisive part in determining the final outcome 
of the injury. A substantial research effort has been directed to 
arresting secondary degeneration. In the present study, we describe 
a cell-mediated immune therapy that, by enhancing what appears to 
be a natural mechanism of self-protection (Schwartz et al., 1999), 
leads (after only one treatment) to long-lasting recovery. Notable 
features of the neuroprotection mediated by autoimmune T cells in 
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this study were its effectiveness even when the T cells were admin- 
istered as late as 1 week after the injury, and the fact that it could 
be achieved by active immunization. 

T cells have been shown to be the source of a variety of neuro- 
trophic factors and cytokines (Ehrhard et al., 1993; Heese et al., 
1998; Besser and Wank, 1999; Kerschensteiner et al., 1999), some 
or all of which may be supportive and protective after CNS injury 
(Bethea et al., 1998; Artis et al., 1999; Loddick and Rothwell, 
1999). We have shown that the secretion of neurotrophic factors by 
T cells, like the secretion of cytokines, is dependent on reactivation 
of the T cells by their antigen and professional antigen-presenting 
cells. It is therefore conceivable that the neuroprotective effect of 
the autoimmune T cells is mediated by the local secretion of certain 
factors once the T cells encounter their specific antigens, the myelin 
proteins, at the lesion site and are reactivated by them (Moalem, 
Gdalyahu, Shani, Otten, Lazarovici, Cohen, and Schwartz, unpub- 
lished observations). We have shown previously that the T cell- 
mediated neuroprotection involves factors that trigger intracellular 
signal transduction pathway(s) involving tyrosine kinase. Thus, 
local application of the protein kinase inhibitor K252a, a selective 
inhibitor of signal transduction pathways associated with tyrosine 
kinase (Koizumi et al., 1988), weakens the neuroprotective activity 
of the T cells without affecting the transient induction of EAE 
(Moalem, Gdalyahu, Shani, Otten, Lazarovici, Cohen, and 
Schwartz, unpublished observations). Other studies have pointed 
to a neuroprotective effect of neurotrophic and other growth fac- 
tors in spinal cord injuries (Bregman et al., 1997; Davies et al., 
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Figure 9. Fluorescence micrographs of 
spinal cords stained for GFAP and NFs. 
Sections taken from the preparation de- 
scribed in Figure 8 were analyzed by inv 
munohistochemical staining for GFAP to 
delineate the site of injury. Note the gap 
in staining of the PBS-treated cord (a) 
compared with the anti-MBP T cell- 
treated cord (b\ Sections were also ana- 
lyzed for NFs. The §ap between the sev- 
ered ends of axons is smaller in the rat 
treated with anti-MBP T cells (d) than in 
the PBS-treated rat (c). 

1997; Btesch et al., 1998; Houle et al., 1998; Houweling et al., 1998; 
Franzen et al., 1999; Houle and Ye, 1999). It seems reasonable to 
suggest that, because of its heterogeneous neuronal subtypes and 
the complexity of the degenerative process, the injured spinal cord 
may respond positively to a variety of factors. Therefore, suitably 
activated T cells might have an advantage over any individual 
therapeutic agent by supplying a number of remedial factors, whose 
production and local secretion are regulated by signals derived 
locally from the damaged tissue, presumably in accordance with 
tissue requirements. 

Several studies have shown that inflammation at an early stage 
after spinal cord injury may have both deleterious and beneficial 
effects on the injured nerves, depending (at least in part) on the 
repertoire of locally produced cytokines. Thus, for example, the 
antiinflammatory cytokine interieukin-10 can be beneficial soon 
after injury and harmful later on (Bethea et al., 1998). It is 
conceivable that the T cells homing to the lesion site might undergo 
a change in phenotype in accordance with the nature of the 
extracellular environment of the lesion and the consequent re- 
quirements of the tissue. Microglia and macrophages were shown 
to be effective in promoting axonal regrowth under certain condi- 
tions (Prewitt et al., 1997; Franzen et al., 1998; Rapalino et al., 
1998), yet there is evidence suggesting that depletion of macro- 
phages may be beneficial for the damaged spinal cord (Popovich et 
al., 1999). It therefore seems that whether macrophages exhibit a 
beneficial or a detrimental effect will depend on their number, state 
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Figure 20. Light microscopy of cross-sections from the site of injury. 
Transverse sections (4 /xm) were taken from the center of the lesion site of 
contused spinal cords treated with anti-MBP T cells or PBS and stained 
with H&E (E-H) or luxol (A-D).A, C, E, and G show sections from control 
rats. B, D, F, and H show sections from rats treated with anti-MBP T cells. 
Arrowheads and arrows point to myelinated axons and neuronal cell bodies, 
respectively. C and D are enlargements of the boxed areas seen in A and B\ 
G and H are enlargements of E and F. 

of activation, and cellular context, and whether the tissue requires 
rescue or regrowth (Hirschberg and Schwartz, 1995). 

The morphological and functional recovery observed in the 
present study appears to be attributable to the rescue of neurons 
that escaped the direct effects of the contusive injury. This inter- 
pretation is based on the following: (1) the brevity of the time lag 
between injury and recovery, too short for any measurable* regen- 
eration to have occurred (Rapalino et al., 1998); (2) the lack of any 
effect of the treatment on completely transected cords (in which 
there are no neurons to be rescued); and (3) the results of mor- 
phological and imaging analyses, snowing structures resembling 
normal tissue rather than newly regrowing, reorganized tissue. In a 
previous study, we showed that the regrowth of severely injured 
CNS axons is promoted by macrophages, representing the innate 
arm of the immune response (Lazarov Spiegler et al, 1996; Rab- 
chevsky and Streit, 1997; Rapalino et al., 1998; Streit et al., 1998). 
It is worth investigating whether the autoimmune T cells, in addi- 
tion to preserving viable neuronal tissue, can directly or indirectly 
promote axonal sprouting and regrowth. It is known that active 
immunization awakens other immune responses in addition to 
those involving T cells. We therefore cannot rule out the possible 



occurrence of antibody and macrophage involvement in the lesion 
site after active immunization with MBP, unlike after passive 
immunization with the T cells. The effectiveness of immunization 
with MBP 1 week before injury argues in favor of a T cell-mediated 
effect, because a time window of 1 week after a single immuniza- 
tion with IFA is probably not long enough for a significant humoral 
response to develop. That the effect is mediated by T cells is 
further supported by the finding that no effect is induced by passive 
transfer of serum collected from immunized rats (data not shown). 
It is possible, however, that these other immune-associated activi- 
ties evoked by the active immunization contribute further to the 
beneficial effect of the T cells. Possible contributory factors might 
include macrophages (Rapalino et al., 1998) and antibodies (Huang 
et al., 1999) or other forms of immune intervention (Dyer et al., 
1998), none of which leads to tissue preservation. 

In most tissues, injury-induced damage triggers a cellular im- 
mune response that acts to repair the tissue and preserve its 
homeostasis. This response has been attributed to macrophages 
and other cells comprising the innate arm of the immune system. 
Adaptive immunity, on the other hand, is the responsibility of 
lymphocytes and, according to traditional teaching, represents the 
system of defense of the body against foreign dangers (Burnet, 
1971). Our studies now show, however, that the adaptive T cell 
immune response can be protective, even when there is no invasion 
by foreign pathogens. In this case, the T cells, rather than being 
directed against invaders, are specifically directed against tissue 
self antigens (Schwartz et al., 1999). In other words, it seems that 
autoimmunity can be physiological (Cohen, 1992, 1999). The find- 
ing that the autoimmune response can be advantageous suggests 
that natural autoimmune T cells may have undergone positive 
selection during ontogeny, as proposed by the theory of the immu- 
nological homunculus (Cohen, 1992), and are not merely a default 
resulting from the escape from negative selection of T cells that 
recognize self antigens (Cohen, 1992; Janeway, 1992). It was re- 
ported recently that injury to the spinal cord triggers an autoim- 
mune response to MBP (Popovich et al., 1996; Kil et al., 1999), but 
it was not clear whether this response was detrimental or beneficial 
(Schnell et al,, 1997; Popovich et al., 1998). Our recent unpublished 
data pointing to a beneficial effect of the endogenous autoimmune 
anti-MBP T cell response are in line with the present data in 
suggesting that activation of anti-MBP T cells can indeed be 
beneficial. However, a supplement of exogenous autoimmune T 
cells may be needed to overcome the restrictions on immune 
reactivity imposed as a result of the immune-privileged character 
of the CNS (Lotan and Schwartz, 1994; Schwartz et al., 1999). A 
careful and accurate interpretation of the involvement of the im- 
mune system in recovery after spinal cord injury, taking into 
account the type of immunization (passive or active), choice of 
adjuvant, and timing, can be expected to lead to more effective 
exploitation of immune cells in the interests of treatment and 
possibly a cure. 
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